d Phosphoenolpyruvate (PEP) carboxylation is an important step in the production of succinate by Escherichia coli. Two enzymes, PEP carboxylase (PPC) and PEP carboxykinase (PCK), are responsible for PEP carboxylation. PPC has high substrate affinity and catalytic velocity but wastes the high energy of PEP. PCK has low substrate affinity and catalytic velocity but can conserve the high energy of PEP for ATP formation. In this work, the expression of both the ppc and pck genes was modulated, with multiple regulatory parts of different strengths, in order to investigate the relationship between PPC or PCK activity and succinate production. There was a positive correlation between PCK activity and succinate production. In contrast, there was a positive correlation between PPC activity and succinate production only when PPC activity was within a certain range; excessive PPC activity decreased the rates of both cell growth and succinate formation. These two enzymes were also activated in combination in order to recruit the advantages of each for the improvement of succinate production. It was demonstrated that PPC and PCK had a synergistic effect in improving succinate production.
S
uccinate has many applications in the food, agricultural, pharmaceutical, and biodegradable plastics industries (1) . It has been identified as 1 of the 12 most valuable bulk chemicals and has a potential market of $15 billion (1) . Currently, succinate is produced mainly from petroleum-derived maleic anhydride. However, due to increasing shortages of petroleum resources and severe environmental problems caused by chemical synthesis processes, microbial production of succinate from renewable biomass has attracted considerable interest in recent years (1) (2) (3) (4) (5) . Although several rumen bacteria, such as Anaerobiospirillum succiniciproducens, Actinobacillus succinogenes, and Mannheimia succiniciproducens, can produce large amounts of succinate (2, (6) (7) (8) , these microorganisms usually require a complex medium and exhibit relatively low yields. On the other hand, Escherichia coli has been widely engineered for succinate production with high titers and yields (3) (4) (5) (9) (10) (11) (12) . Through inactivation of the pflB (encoding pyruvate-formate lyase), ldhA (encoding lactate dehydrogenase), and ptsG (encoding enzyme IICB Glc of the phosphoenolpyruvate: carbohydrate phosphotransferase system [PTS]) genes and overexpression of the pyruvate carboxylase gene, strain AFP111/ pTrc99A-pyc was obtained; it produced 99.2 g/liter succinate with a yield of 1.1 g/g glucose by use of a dual-phase fermentation process (3) . Through combined metabolic engineering and metabolic evolution, strain KJ073 was obtained; it produced 668 mM succinate with a yield of 1.2 mol/mol glucose by use of mineral salts medium and a single-batch fermentation process (10) . The pflB and ldhA genes were usually deleted to eliminate the production of acetate, ethanol, and lactate, thus increasing carbon flux toward succinate production ( Fig. 1) .
Phosphoenolpyruvate (PEP) is an essential precursor for succinate synthesis in E. coli (5, 13) . PEP can be converted to oxaloacetic acid (OAA) by either PEP carboxylase (PPC) or PEP carboxykinase (PCK) (5) , and OAA is further converted to succinate through malate dehydrogenase, fumarase, and fumarate reductase (Fig. 1) . PPC has been regarded as the primary catalytic enzyme for the conversion of PEP to OAA during glucose fermentation (14) (15) (16) . Energetically, the PPC-catalyzed reaction is strongly favored, since the energy contained in PEP is lost in this reaction with the release of inorganic phosphate (5) . PPC exhibits high affinity for bicarbonate and high catalytic velocity (17) . Previous studies have demonstrated that overexpression of the ppc gene in E. coli increases succinate production efficiently (13, 18) . Overexpression of the native E. coli ppc gene in the engineered strain JCL1208 increased the succinate titer 3.5 times (from 3.0 to 10.7 g/liter) and the succinate yield 3.75 times (from 0.12 to 0.45 mol/ mol glucose) (13) . Overexpression of the Sorghum vulgare ppc gene in the engineered E. coli strain SB202 increased the succinate titer by 52% (from 12.5 to 19 mM) and the succinate yield by 50% (from 0.12 to 0.18 mol/mol glucose) (18) .
On the other hand, expression of the pck gene is repressed by glucose in E. coli and is activated only under conditions of gluconeogenesis (19, 20) . PCK can conserve the high energy of PEP, while it has low affinity for bicarbonate and relatively low catalytic velocity (5, 21) . It was recently found that increasing PCK activity through transcriptional activation in E. coli could conserve the high energy of PEP, thus leading to net production of ATP for growth and maintenance and improving succinate production significantly (5, 12) .
Although PCK and PPC have been engineered individually to improve succinate production, they had never been used in combination. It was even found that increased expression of the A. succinogenes pck gene increased succinate production only in a PPC mutant E. coli strain; it had no effect in wild-type E. coli (22) . Since each of these carboxylation enzymes has its own advantages for succinate synthesis, they were activated in combination in this work. A synergistic effect of PCK and PPC in improving succinate production was found.
MATERIALS AND METHODS
Strains, media, and growth conditions. The strains constructed in this study are listed in Table 1 . During strain construction, strains were cultured aerobically at 30 or 37°C in Luria broth (10 g liter Ϫ1 Difco tryptone, 5 g liter Ϫ1 Difco yeast extract, and 10 g liter Ϫ1 NaCl). Ampicillin (100 mg liter Ϫ1 ), kanamycin (25 mg liter Ϫ1 ), or chloramphenicol (17 mg liter Ϫ1 ) was used where appropriate.
Genetic methods. The cat gene was amplified from pACYC184, and the sacB gene was amplified from Bacillus subtilis 168 using primer pairs 184-cat-up/184-cat-down and Bs-sacB-up/Bs-sacB-down, respectively. These two amplified DNA fragments were digested with SacI and were ligated by T4 ligase, followed by amplification using primer pair 184-catup/Bs-sacB-down to produce the cat-sacB cassette. This DNA fragment was further ligated with the pEASY-Blunt Simple vector to produce plasmid pXZ-CS.
A two-step recombination method was then used for markerless gene deletion and gene modulation (23, 24) . Expression of the galP and pck genes was modulated with a mutant of the E. coli pck promoter (Ppck*, with a G-to-A mutation at position Ϫ64 relative to the ATG start codon) (5). The pck promoter was amplified from the genomic DNA of E. coli ATCC 8739 by using primer pair P-pck*-up-SpeI/P-pck*-down-KpnI and was subcloned into pTrc99A, resulting in plasmid pXZ602. This plasmid was amplified by primer pair pck*-F/pck*-R and was self-ligated to produce pXZ603. Ppck* was amplified from pXZ603 by using primer pair P-pck*-up-SpeI/P-pck*-down-KpnI.
Artificial regulatory parts M1-12, M1-46, M1-37, and M1-93, with strengths 0.1, 1.7, 2.5, and 5 times that of the induced E. coli lacZ promoter (25) , were used for ppc and pck gene modulation. Red recombinase technology (Gene Bridges GmbH, Dresden, Germany) was used to facilitate chromosomal gene deletion and modulation (26, 27) . All plasmids are listed in Table 2 , and primers are listed in Table 3 .
Fermentation. Fresh colonies were picked from New Brunswick Scientific (NBS) mineral salts (5) plates containing 20 g liter Ϫ1 glucose, inoculated into 250-ml flasks containing 100 ml NBS medium with 50 g liter Ϫ1 glucose, and grown at 37°C and 120 rpm for 12 h. Cultures were then transferred to a 500-ml fermentation vessel containing 250 ml NBS medium with 50 g liter Ϫ1 glucose and 100 mM potassium bicarbonate; the initial optical density at 550 nm (OD 550 ) was 0.1. No exogenous gas was supplied. Fermentations were maintained at pH 7.0 by the automatic addition of a base solution containing additional CO 2 (2.4 M potassium carbonate containing 1.2 M potassium hydroxide). Enzyme assay. Cells were collected at the late-exponential stage (72 h) for an enzyme assay. The activities of PPC and PCK were determined as described previously (5) . Activity was reported in micromoles per milligram of protein per minute.
Analysis. The dry weight of cells was calculated by measuring the OD 550 . Organic acids and residual glucose in fermentation broth were measured by high-performance liquid chromatography (5).
RESULTS
Construction of strain Suc-T108 for succinate production. Under anaerobic conditions, wild-type E. coli produced mixed acids, including lactate, formate, acetate, and succinate (28) . The succinate yield was only 0.17 mol/mol glucose during glucose fermentation for wild-type E. coli ATCC 8739 (data not shown). In order to produce succinate as the sole product, the pflB and ldhA genes were deleted in E. coli ATCC 8739, eliminating the formation of by-products (formate, lactate, ethanol, and acetate) and resulting in strain Suc-T104. However, deletion of these two genes led to very slow growth of E. coli under anaerobic conditions, since the native succinate synthetic pathway of E. coli was not very active, and NADH produced during glycolysis could not be recycled back to NAD ϩ efficiently for further glucose metabolism (12). Wild-type E. coli utilized the phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS) for glucose uptake and phosphorylation (29) (30) (31) (32) . One PEP molecule is required for the transport and phosphorylation of one glucose molecule (24, 25) . Since PEP is an essential precursor for succinate synthesis, the PTS needs to be inactivated in order to increase the PEP supply for the improvement of succinate production (5, 12) . In a previous study, activation of PCK in strain ATCC 8739 (⌬ldhA ⌬pflB) resulted in only a little improvement in the cell mass and succinate titer. In contrast, activation of PCK combined with inactivation of cat-sacB cassette (cat-sacB-up/cat-sacBdown) from pXZ-CS cloned into galP of pXZ011 (XZ-galP-P-1/XZ-galP-P-2)
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the PTS resulted in significant increases in cell mass and succinate production (12) . Thus, in this work, the pstI gene (encoding PTS enzyme I) was deleted in strain Suc-T104 for succinate production, resulting in strain Suc-T106. Although inactivation of the PTS could increase the PEP supply, E. coli strains with inactivated PTSs usually exhibited slow cell growth and limited capacities for glucose transport and phosphorylation (24, 30, 32) . In order to enhance the glucose utilization of strain Suc-T106, the expression of the galP gene (encoding galactose permease) was modulated by replacing its native promoter with the strong promoter Ppck* (5), resulting in strain Suc-T108. The amounts of by-products, such as lactate, formate, and acetate, were significantly lower in strain Suc-T108 than in the wild-type strain ATCC 8739 (Table 4) . However, this strain exhibited remarkably slow growth in mineral salts medium under anaerobic conditions and produced only 4 mM succinate after 4 days, with a yield of 0.17 mol/mol glucose ( Table 4) .
Activation of PCK for the improvement of succinate production. PEP carboxylation had been regarded as a rate-limiting reaction for succinate production (5). It was thought that the PEP carboxylation efficiency of strain Suc-T108 was low and that NADH produced during glycolysis could not be converted back to NAD ϩ efficiently, thus leading to slow cell growth. In order to increase PCK activity so as to improve succinate production, a previously identified point mutation (5) was introduced into the pck promoter region (G to A at position Ϫ64 relative to the ATG start codon) of strain Suc-T108, resulting in strain Suc-T110. PEP carboxykinase activity increased 16-fold, from 0.1 to 1.6 U/mg protein. The succinate titer increased 57-fold (from 4 to 226 mM), while the succinate yield increased 6.6-fold (from 0.17 to 1.12 mol/mol glucose) ( Table 4) .
In addition, in order to investigate the relationship between PCK activity and succinate production, multiple artificial regulatory parts with different expression strengths were used to modulate the expression of the pck gene. These regulatory parts were selected from a previously constructed mRNA-stabilizing region (mRS) library (25) and had the same promoter (P2-15) and ribosome binding site (RBS) (E. coli lacZ) sequence but differed in the sequence between the promoter and the RBS region. The mRNA-stabilizing region could form a stem-loop structure with transcribed mRNA to control its stability, thus modulating the strength of expression of the target gene. Four representative regulatory parts (M1-12, M1-46, M1-37, and M1-93) in the mRS library, with strengths 0.1, 1.7, 2.5, and 5 times that of the induced E. coli lacZ promoter, were selected for the modulation of pck gene expression, resulting in strains ZT-001, ZT-002, ZT-003, and ZT-004, respectively. The PCK activities of strains ZT-001, ZT-002, ZT-003, and ZT-004 were 0.24, 0.38, 0.53, and 0.21 U/mg, while the succinate titers were 17, 31, 55, and 12 mM, respectively (Table  4) . It was suggested that there was a positive correlation between PCK activity and the succinate titer. In addition, the succinate yields of strains ZT-001, ZT-002, ZT-003, and ZT-004 were 0.26, 0.33, 0.48, and 0.18 mol/mol glucose, respectively (Table 4) , suggesting that PCK activity was also positively correlated with the succinate yield.
Activation of PPC for the improvement of succinate production. In order to investigate the relationship between PPC activity and succinate production, the expression of the ppc gene in strain Suc-T108 was modulated by four artificial regulatory parts, M1-12, M1-46, M1-37, and M1-93, resulting in strains ZT-005, ZT-006, ZT-007, and ZT-008, respectively. The PPC activities of strains Suc-T108, ZT-005, ZT-006, ZT-007, and ZT-008 were 0.1, 0.34, 0.47, 0.6, and 1.01 U/mg protein, while their succinate titers were 4, 75, 94, 58, and 56 mM, respectively (Table 5 ). There was a positive correlation between PPC activity and the succinate titer when the PPC activity was equal to or less than 0.47 U/mg protein (Fig. 2) . However, excessive PPC activity (higher than 0.47 U/mg) decreased the level of succinate production (Fig. 2) . Activation of PCK and PPC in combination for the improvement of succinate production. In order to investigate whether the activation of PCK and PPC in combination had a synergistic effect in improving succinate production, the expression of the ppc gene in strain ZT-003, which had moderate PCK activity (0.53 U/mg protein), was modulated by four artificial regulatory parts, M1-12, M1-46, M1-37, and M1-93, resulting in strains ZT-009, ZT-010, ZT-011, and ZT-012, respectively. The succinate titers of strains ZT-003, ZT-009, ZT-010, ZT-011, and ZT-012 were 55, 119, 156, 138, and 130 mM, respectively (Table 5 ; Fig. 2B) . The relationship between PPC activity and succinate production in strains derived from ZT-003 (Fig. 2B ) was similar to that in strains derived from Suc-T108 (Fig. 2A) . The highest titer and yield were obtained for strain ZT-010, which had moderate PPC activity (0.47 U/mg). The succinate titer of strain ZT-010 (M1-37-pck M1-46-ppc) was 66% higher than that of strain ZT-006 (M1-46-ppc) and 184% higher than that of strain ZT-003 (M1-37-pck) (Fig. 1B) . In addition, the succinate yield of strain ZT-010 was 73% higher than that of strain ZT-006 and 127% higher than that of strain ZT-003 (Fig. 1B) .
The expression of the ppc gene in strain Suc-T110, which had high PCK activity (1.6 U/mg protein), was also modulated by four artificial regulatory parts, M1-12, M1-46, M1-37, and M1-93, resulting in strains ZT-013, ZT-014, ZT-015, and ZT-016, respectively. The succinate titers of strains ZT-013, ZT-014, ZT-015, and ZT-016 were 270, 282, 237, and 210 mM, respectively (Table 5 ; Fig. 2C) . The relationship between PPC activity and succinate production in strains derived from Suc-T110 (Fig. 2C ) was similar to that in strains derived from Suc-T108 (Fig. 2A) . The highest titer and yield was obtained for strain ZT-014, which had moderate PPC activity (0.47 U/mg). The succinate titer of strain ZT-014 (M1-46-ppc Ppck*-pck) was 200% higher than that of strain ZT-006 (M1-46-ppc) and 24% higher than that of strain Suc-T110 (Ppck*-pck) (Fig. 1C) . In addition, the succinate yield of strain ZT-014 was 97% higher than that of strain ZT-006 and 11% higher than that of strain Suc-T110 (Fig. 1C) .
DISCUSSION
PPC and PCK are two important carboxylation enzymes within the succinate synthetic pathway. PPC has a K m for bicarbonate of 0.1 M and a specific activity of 250 mol min Ϫ1 g Ϫ1 , whereas PCK has a K m for bicarbonate of 13 M and a specific activity of 28 mol min Ϫ1 g Ϫ1 (17, 21) . Each of these two enzymes has advantages and disadvantages in the carboxylation of PEP to OAA for succinate production. PPC has high substrate affinity and catalytic velocity but wastes the high energy of PEP, so that ATP is not formed during succinate production. PCK has low substrate affinity and catalytic velocity but can conserve the high energy of PEP for ATP formation (5) . For the first time, we modulated the expression of either the ppc or the pck gene by using multiple regulatory parts with different strengths, and we investigated the relationship between PPC or PCK activity and succinate production.
There was a positive correlation between PCK activity and succinate production. Higher PCK activity was coupled with higher succinate titers. It was suggested that higher PCK activity would lead to more OAA and ATP formation. The energy conserved in this reaction would be beneficial for cell growth. Increased cell mass would also cause the production of more succinate. In contrast, there was a positive correlation between PPC activity and succinate production only when PPC activity fell within a certain range; excessive PPC activity (higher than 0.47 U/mg protein) decreased both cell growth and succinate formation (Table 5) .
If reducing equivalent supply were enough (for example, by using exogenous hydrogen or electricity), 2 molecules of ATP would be produced from the conversion of 1 molecule of glucose to 2 molecules of succinate when only PCK was used, while there would be no ATP when only PPC was used. When both PCK and PPC were used for PEP carboxylation, net ATP production would be reduced (from 2 molecules of ATP to none). ATP production would depend on the ratio of carbon fluxes going through these two carboxylation reactions. It should be noted that only 1 molecule of ATP was produced when 1 molecule of glucose was converted to 2 molecules of ethanol in Zymomonas mobilis through the Entner-Doudoroff pathway (33, 34) . The reduced ATP formation accelerated the glucose utilization rate to produce more ATP, resulting in high cell growth and ethanol productivity (34) .
It was assumed that when PPC activity was equal to or lower than 0.47 U/mg protein, a low level of carbon flux went through this reaction. The ATP formed through PCK (5) was enough to support cell growth and maintenance. However, when PPC activity exceeded a threshold, more carbon flux went through this reaction and less carbon flux would go through PCK. Under this condition, the ATP supply was below the threshold for supporting normal cell growth and maintenance, causing reduced cell mass, which would further lead to reduced succinate production. Among strains with wild-type PCK and a modulated ppc gene, the highest cell mass and succinate titer were obtained for strain ZT-006, which had an optimal PPC activity (0.47 U/mg protein) and a good balance between a high carboxylation rate and a supply of ATP for cell growth. For strains ZT-007 and ZT-008, which had excessive PPC activities, cell masses were 0.62 and 0.55 g/liter, respectively, lower than that of strain ZT-006 (0.71 g/liter) ( Table  5 ). It was suggested that when PPC activity exceeded the threshold, higher PPC activity led to reduced cell mass.
In order to utilize the advantages of both PCK and PPC for the improvement of succinate production, these two enzymes were activated in combination. On a moderate PCK activity background, the succinate titer of the strain with combined activation was 66% or 184% higher than that of the strain individually activated with PPC or PCK, respectively ( Fig. 1B; Table 5 ). On a high PCK activity background, the succinate titer of the strain with combined activation was 200% or 24% higher than that of the strain individually activated with PPC or PCK, respectively ( Fig. 1C ; Table 5 ). On both moderate and high PCK activity backgrounds, when the PPC activity exceeded the threshold (0.47 U/mg protein), higher PPC activity led to reductions in cell mass and succinate production. On a moderate PCK activity background, the cell mass decreased from 0.72 to 0.62 or 0.55 g/liter, while the succinate titer decreased from 156 to 138 or 130 mM. On a high PCK activity background, the cell mass decreased from 1.52 to 1.28 or 1.22 g/liter, while the succinate titer decreased from 282 to 237 or 210 mM (Table 5 ). Our results demonstrated that activating PPC and PCK in combination could lead to both high catalytic velocity and energy conservation and that PPC and PCK had a synergistic effect in improving succinate production.
